Dust particle contamination of wafers in reactive ion etching ͑RIE͒ plasma tools is a continuing concern in the microelectronics industry. It is common to find that particles collected on surfaces or downstream of the etch chamber are agglomerates of smaller monodisperse spherical particles. These observations, and the fact that the forces which govern the transport and trapping of particles are partly determined by their size, place importance on understanding particle growth and agglomeration mechanisms. Since individual particles in plasma etching tools are negatively charged, their agglomeration is problematic since the particles must obtain sufficient kinetic energy to overcome their mutual electrostatic repulsion. In this article, we discuss results from a model for particle agglomeration in RIE plasma tools with which we address the transport of particles and interparticle collisions resulting in agglomeration. These results indicate that the rate and extent of particle agglomeration depend on the particle density, plasma power deposition, and, to a lesser degree, gas flow. The dependence of agglomeration on rf power results from the fact that the kinetic energy of a dust particle is largely determined by its acceleration by ion drag forces. Significant agglomeration may occur in particle traps where the particle density is large.
I. INTRODUCTION
Dust particle contamination is a continuing concern in plasma processing discharges used for semiconductor device manufacturing. 1 These discharges are typically low gas pressure ͑tens to hundreds of mTorr and operate with electron densities of 10 9 -10 11 cm
Ϫ3
. The typical sizes of contaminating particles are hundreds of nm to a few microns. With the advent of submicron feature sizes in microelectronic devices, dust contamination by even the smaller particles may result in a killer defect. Therefore, controlling the generation and transport of particles in plasma processing discharges is of great interest to the semiconductor manufacturing community.
The mechanics of transport and trapping of particles in low pressure etching and deposition plasma tools has been studied by several authors. [2] [3] [4] [5] Briefly, the trajectories of dust particles are governed by a variety of mechanical and electrical forces, the latter resulting from the fact that dust particles typically charge negatively in plasmas. These forces include ion drag, electrostatic, neutral drag, thermophoretic, gravitational, and self-diffusion. Ion drag forces accelerate particles in the direction of the net ion flux, typically towards the boundaries of the reactor. Electrostatic forces accelerate the negatively charged particles towards the maximum in the plasma potential, typically in the center of the plasma. Fluid drag results from entrainment of the dust particles in the bulk gas flow in the reactor. The characteristic trapping of dust particles often observed at the sheath edges 1 results from an equilibrium between the ion drag and electrostatic forces, an equilibrium that can be disrupted by a sufficiently high gas flow.
It is a common observation that particles collected on surfaces in reactive ion etching ͑RIE͒ tools or downstream of the plasma chamber are actually clusters of agglomerates of smaller, monodisperse spherical particles. [6] [7] [8] ͑For purposes of discussion, we will refer to these smaller, monodisperse particles as ''primary'' particles.͒ The implication of these observations is that primary particles grow to a terminal size, and then agglomerate to form larger structures. The agglomeration is problematic since the dust particles are usually electrically charged negative, which requires that the reactants in an agglomerating collision have sufficient kinetic energy to overcome the mutual electrostatic repulsion. For example, the agglomeration of two 1 m radius Si dust particles having 5000 elementary charges each requires centerof-mass speeds of Ͼ1 m s
Ϫ1
. In this article, we discuss results from a computational study of agglomeration of particles using a newly developed model for dust particle agglomeration in RIE plasma tools. The particle agglomeration model ͑PAM͒ addresses the transport of dust particles under the influence of all cited forces, as well as collisions between particles. The purpose of this study is to identify the operating conditions ͑power, flow rate, particle sizes͒ that lead to particle agglomeration. We found that particle agglomeration preferentially occurs at higher discharge powers and with larger primary particles. The former trend results from the larger kinetic energy imparted to the particles by ion drag, thereby allowing the particles to overcome their electrostatic repulsion. The latter trend results from the manner in which electrostatic and ion drag forces scale with particle size ͑ion drag forces dominate for larger particles͒. We also find that particle agglomeration a͒ Electronic mail: f-huang@uiuc.edu b͒ Electronic mail: h-hwang@uiuc.edu c͒ Electronic mail: mjk@uiuc.edu proceeds more rapidly for high aspect ratio particles that are rodlike ͑as opposed to spherical particles͒.
II. DESCRIPTION OF THE MODEL
We have previously described a dust particle transport model ͑DPTM͒ with which we simulated the trajectories of dust particles under the influence of electrostatic, ion drag, gravitational, thermophoretic, and fluid-drag forces. 3 The PAM uses the DPTM as a point of departure. The DPTM will be briefly described, followed by a discussion of the additional algorithms in the PAM.
The DPTM integrates the trajectories of computational pseudoparticles under the influence of the cited forces. The DPTM obtains the ion fluxes, electric fields, and neutral flow field required to calculate these forces from a companion model called the hybrid plasma equipment model ͑HPEM͒. The HPEM is described in detail in Ref. 9 . Briefly, it is a modular two-dimensional simulation of plasma etching or deposition equipment in which continuity and momentum equations are solved for all charged and neutral species, and Poisson's equation is solved for the electric potential. Electron impact source functions and transport coefficients are provided by an electron Monte Carlo simulation. The DPTM has been revised from that described in Ref. 3 by incorporating the same numerical meshes and material identification schemes used in the HPEM. The DPTM now also uses the expressions for the ion drag cross sections derived by Kilgore et al. 10 as opposed to directly calculating those quantities by using the particle-in-cell simulation described in Ref. 11 .
The PAM uses the same algorithms and methodology to calculate the forces on particles and advance their trajectories as in the DPTM. Particle-particle interactions are additionally included on a particle-mesh basis using Monte Carlo algorithms. The PAM begins by distributing pseudoparticles representing dust particles with a preselected spatial distribution. The equations of motion of the pseudoparticles are then advanced. The spatial locations of the pseudoparticles are periodically ''binned'' onto the numerical mesh to provide a dust particle density at each spatial point. These densities are then used to compute collision frequencies between all pseudoparticles in a given computational cell. The collision frequencies are based on the overlap of the particles' DebyeHuckel shielding volumes. To determine the occurrence of a particle-particle collision, we use Monte Carlo techniques based on the time interval between binnings and the calculated particle collision frequencies. A given pseudoparticle collides with one of the other pseudoparticles in the spatial cell if
where ⌬t is the time between binning, rϭ͑0,1͒ is a randomly distributed number, and D is the particle collision frequency based on the overlap of Debye-Huckel shielding volumes.
In the event of a ''shielding volume collision,'' one of the particles in the numerical cell is chosen as the collision partner. The collision partner is that particle which satisfies
where r is another random number ͑0,1͒ and j Ј is the cumulative collision frequency for the jth particle in the cell. Given the two particles which are now collision partners, their velocities and masses are used to calculate the centerof-mass kinetic energy of the pair, ⑀. Given that the maximum repulsive electrostatic potential between the particles is
where Q 1 and Q 2 are the charges on the two particles, and d is their distance of closest approach, an agglomeration collision can occur if ⑀уU. If this is the case, a random impact parameter is selected to determine the occurrence of a physical collision. If a physical collision does occur, the particles agglomerate, conserving total volume, mass, and momentum. Otherwise, they maintain their current velocity and trajectory or are deflected by the electrostatic repulsive forces.
The shape of the agglomerates may prove important in understanding their growth. Currently, the PAM allows for two particle shapes, spherical and cylindrical. The shape of the particle enters into the calculation of the charge on the particle given its electrical potential, V. The electrical potential of the particle is based on balancing electron and ion fluxes to its surface. 3 The effective charge Q on a particle is given by QϭCV, where C is the particle's capacitance. For a spherically shaped particle of radius R, the capacitance is
where D is the linearized Debye length. 5 For a finite cylindrical particle with length L and radius R, the capacitance is approximately
where the second term approximates the contribution from the two ends of the particle. The distance of closest approach between two spherical particles in the PAM is the sum of their radii. Cylindrical particles can, however, impinge at random orientations resulting in different distances of closest approach. To account for this effect, when two cylindrical particles ͑or a spherical and cylindrical particle͒ collide, we randomly choose the distance of closest approach and orientation based on the radius and length of each of the colliding particles. The shape of the agglomerated particle depends on the orientation and shape of the colliding particles. If we force all particles and agglomerates to be spheres, the newly formed agglomerate is simply a larger sphere whose dimensions are determined by conserving mass. Otherwise, for example, if two cylindrical particles collide ''head to tail,'' the resulting agglomerate is tance ͑and hence charge͒ of the agglomerate depends on the shape of the particle. Second, the orientation ͑and distance of closest approach͒ of colliding particles also depends on their respective shapes. Both of these dependencies can be illustrated by the agglomeration of a spherical primary particle with a long string of already agglomerated spherical primary particles. For a sufficiently long string ͑length Ͼ D ͒, the approaching primary particle electrostatically ''sees'' only the charge on one end of the string, thereby reducing the repulsive forces. The charge on the long string is also remote from the approaching particle. This effect is much less severe for spherical agglomerates. To illustrate this scaling, we parameterized the PAM for otherwise identical conditions while specifying that the agglomerates be only spherical or allowing them to take on cylindrical shapes. The resulting particle counts are shown in Fig. 6 for a power deposition of 120 W and primary particle sizes of 0.2 m. Cylindrical particles agglomerate to a greater degree for at least two reasons. First, the cylindrical particles, on average, have a larger distance of separation between the charge centers. Second, the cylindrical particles have a smaller capacitance and thus a lower amount of charge on them. The combination of these two effects creates a lower average electrostatic potential to overcome between colliding particles, and results in a significantly higher degree of agglomeration for the cylindrical particles. Agglomerates in excess of 15 primary particles are generated.
IV. CONCLUDING REMARKS
We have developed a particle agglomeration model ͑PAM͒ to investigate the formation of large particles in RIE plasma tools. Agglomeration between particles is modeled using particle mesh and Monte Carlo techniques. In order to agglomerate, dust particles must have sufficient kinetic energy to overcome the electrostatic potential barrier between them. Results from the PAM indicate that these conditions are met at high rf powers and large primary particle sizes. Under conditions of homogeneous nucleation, smaller particles usually undergo more agglomeration since agglomeration scales as the square of the particle density and typically there are more smaller particles. To some degree, that is true here as well. However, under conditions where there is a lower limit to the size of the primary particle, as is the case when primary particles are monodisperse in RIE discharges, the larger the primary particle, the more rapid the rate of agglomeration. The shape of the particle influences the rate of agglomeration. Typically, nonspherical particles having narrow aspect ratios agglomerate at a higher rate and to larger sizes.
